The well-known sex-determining cascade of Drosophila melanogaster serves as a paradigm for the pathway to sexual development in insects. But the primary sex-determining signal and the subsequent step, Sex-lethal (Sxl), have been shown not to be functionally conserved in non-Drosophila flies. We isolated doublesex (dsx), which is a downstream step in the cascade, from the phorid fly Megaselia scalaris, which is a distant relative of D. melanogaster. Conserved properties, e.g., sex-specific splicing, structure of the female-specific 3′ splice site, a splicing enhancer region with binding motifs for the TRA2/RBP1/TRA complex that activates female-specific splicing in Drosophila, and conserved domains for DNA-binding and oligomerization in the putative DSX protein, indicate functional conservation of dsx in M. scalaris. Hence, the dsx step of the sex-determining pathway appears to be conserved among flies and probably in an even wider group of insects, as the analysis of a published cDNA from the silkmoth indicates.
Introduction
Sex-determining mechanisms defy the expectation that common basic biological functions use common genetic pathways. Primary sex-determining signals, as well as subsequent signal processing steps can be different even in related species. Flies are a group in which various primary sexdetermining mechanisms have been discovered. In Drosophila melanogaster, the primary sex-determining signal is the ratio of X chromosomes to autosome sets, the X/A ratio (Bridges 1925) . A number of X-chromosomal so-called numerator and one or more autosomal denominator genes are interacting to decide upon the female or male developmental pathway of the embryo (review: Cline and Meyer 1996) . In Chrysomya rufifacies, sex is determined by a maternal factor; unisexual progenies, all-female or all-male, are produced depending solely on the genotype of the mother (Ullerich 1984) . Presence or absence of an epistatic Maleness factor is the primary sex-determining signal in several other fly species, e.g. Ceratitis capitata (Willhoeft and Franz 1996) , Lucilia cuprina (Bedo and Foster 1985) , or Megaselia scalaris (Mainx 1966) . In M. scalaris, the Maleness factor can change its location in a transposon-like fashion within the genome Traut 1994) . In the house fly, Musca domestica, several primary sex-determining mechanisms coexist (Dübendorfer et al. 1992) .
Another known sex-determining cascade is that of the nematode Caenorhabditis elegans. Though resembling that of D. melanogaster superficially, transmission of the primary signal is mediated via steps of transcriptional regulation instead of splice regulation, and by a non-homologous set of genes (reviewed in Kuwabara 1999) . Comparative analyses in other fly species indicate that the sex-determining pathway of Drosophila is not even conserved among flies. Apart from the primary signal, the subsequent step in the cascade is also different. Sex-lethal (Sxl) serves this function and is sex-specifically spliced in Drosophila but not in nonDrosophila species like Chrysomya rufifacies (Müller-Holtkamp 1995) , Ceratitis capitata (Saccone et al. 1998) , Musca domestica (Meise et al. 1998) , and Megaselia scalaris (Sievert et al. 1997; Sievert et al. 2000) . Hence, it does not transmit the sex-determining signal. In contrast, doublesex (dsx), which functions as a double switch at the bottom of the cascade, initiating either female or male somatic development, appears to be structurally and functionally conserved in the Queensland fruit fly Bactrocera tryoni (Shearman and Frommer 1998) and M. scalaris (Sievert et al. 1997, this paper) .
Here, we report on the functional organization of dsx in M. scalaris and discuss the role of dsx in sex determination of insects.
Material and methods

General methods
Genomic DNA and RNA were isolated from adult flies of the M. scalaris wild-type strain Wien, which has been kept in the laboratory for more than 30 years (Mainx 1964) . Culture conditions were as described by Willhoeft and Traut (1990) .
For molecular methods, we used standard procedures (Sambrook et al. 1989 ) unless otherwise noted. Genomic DNA from female and male flies was isolated as described by Blin and Stafford (1976) . Total RNA was isolated with the Trizol reagent (Life Technologies, Eggenstein, Germany). Poly(A) + RNA was prepared from total RNA using the PolyATtract mRNA Isolation System IV (Promega Biotech, Madison, Wis.). The following oligonucleotides were custom-synthesized by MWG Biotech (Ebersberg, Germany): DSXf562R (TTCCTGGGAGGATCG-TAGGG), DSXFbr (CTATTCCATTCCGGTTTCCG), DSXgb996R (GTTGCAAAACATAGAGTGGC), DSXK362R (ATCAAATTT-CATATGGCAAG), and DSXK788F (TTGAGCAATTTCGATTTC-CC).
For automated sequencing, we used the ABI PRISM TM Sequenase Terminator Double-Stranded DNA Sequencing Kit and the ABI PRISM TM dRhodamine Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems, Weiterstadt, Germany).
Northern and Southern hybridization
Poly(A) + RNA from adult female and male M. scalaris was separated in denaturing agarose gels and blotted to a non-charged nylon membrane (Schleicher and Schüll, Dassel, Germany) using a vacuum blotting device and 20× SSPE (3.6 M NaCl, 200 mM NaH 2 PO 4 , 20 mM EDTA, pH 7.4) as transfer buffer. Hybridization was performed at 42°C for 24 h in a solution containing 45% (v/v) deionized formamide, 5× SSC [1× SSC is 150 mM NaCl, 15 mM sodium citrate, pH 7], 5× Denhardt's solution [1× Denhardt's solution is 0.1% polyvinylpyrrolidone (w/v), 0.1% (w/v) BSA, 0.1% (w/v) Ficoll 400], 0.1% (w/v) SDS, and 100 µg/mL salmon testis DNA (sonicated and denatured; Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany). Washes were performed at 42°C in 0.1× SSC, 0.1% (w/v) SDS.
For Southern blots, 5 µg genomic DNA from female or male flies, was digested with BamHI, BglII, EcoRI, HindIII, or XbaI, and separated in a 1% agarose gel. After 40 min incubation in a denaturing buffer containing 0.5 M NaOH and 1.5 M NaCl, the DNA was blotted to a non-charged nylon membrane using a vacuum device and the denaturing buffer as the transfer solution. Hybridization was performed at 68°C for 24 h in a solution containing 0.5 M Na 2 HPO 4 -NaH 2 PO 4 (pH 7.2) and 7% (w/v) SDS. Washes were performed at 68°C in 0.1 M Na 2 HPO 4 -NaH 2 PO 4 (pH 7.2), 0.1% (w/v) SDS.
Probe DSX5CS is a HindIII fragment of pMSWc178 (position 1-773) labeled by random priming with [α- 32 P]dCTP. Southern hybridization was visualized using a Bio-Imaging Analyzer BAS-1000 (Fujifilm) and the accompanying analytical software PCBAS (Raytest, Straubenhardt, Germany).
Isolation of a genomic sequence
A genomic fragment of M. scalaris dsx was obtained by nested PCR on 300 ng genomic DNA from female and male flies with primers DSXK788F/DSXf562R in the first and DSXK788F/DSXFbr in the second round of amplification. We used 5 U Taq DNA polymerase in the buffer provided by the supplier (Life Technologies, Eggenstein, Germany), and 200 µM of each dNTP, 1.5 mM MgCl 2 , and 0.2 µM of each primer. Cycling parameters in the first round were: 4 min initial denaturation at 94°C, hot start, 30 cycles of 30 s at 94°C, 30 s at 58°C, and 3 min at 72°C. In the second round: 4 min initial denaturation at 94°C, hot start, 30 cycles of 30 s at 94°C, 30 s at 55°C, and 1.5 min at 72°C, followed by 10 min final extension at 72°C. Four independent clones with identical intron sequence were isolated: pMSW2471 and pMSW2472 from DNA of female flies, pMSW2473 (Acc. No. AF283697) and pMSW2474 from DNA of male flies.
Reverse transcription PCR (RT-PCR)
Poly(A) + RNA was reverse transcribed using a NotI(dT) 18 primer and the First Strand cDNA Synthesis Kit (Pharmacia AB, Uppsala, Sweden). PCR was performed with 5 U Taq DNA polymerase in the buffer provided by the supplier, 200 µM of each dNTP, 1.5 mM MgCl 2 , and 0.2 µM of each primer. The cycling parameters for PCR were: 4 min initial denaturation at 94°C followed by 38 cycles with 45 s at 94°C, 45 s at 53°C (primers DSXgb996/DSXK362R) or 60°C (DSXK788F/DSXf562R), 1.5 min at 72°C, and a final extension of 10 min at 72°C.
Construction of a cDNA library and screening for M. scalaris dsx
For construction of cDNA libraries from female and male M. scalaris, we used the Gigapack III Gold Cloning Kit (Stratagene, La Jolla, Calif.) according to the manufacturer's instructions. Roughly 1 × 10 6 plaques were screened with a RACE (rapid amplification of cDNA ends) generated cDNA probe from M. scalaris dsx (Sievert et al. 1997 ).
Sequence tools
BLASTX 2.0.11 (Altschul et al. 1997 ) was used for searches against the nr database (containing all nonredundant GenBank CDS translations, PDB, SwissProt, PIR and PRF entries), TBLASTN 2.0.14 (Altschul et al. 1997) for searches against the nr database and the dbEST database at NCBI (Bethesda, Md., accessed July 2000, http://www.ncbi.nlm.nih.gov/BLAST/ Altschul et al. 1997) . Multiple sequence alignment was carried out using CLUSTALW (http://www2.ebi.ac.uk/clustalw, Thompson et al. 1994 ) using default parameters, the BLOSUM62 matrix (Henikoff and Henikoff 1992) , and subsequent manual improvement. Phylogenetic analysis of protein sequences was performed with the neighbor-joining method of Saitou and Nei (1987) , provided by the CLUSTALW tool. The resulting tree was visualized with TREEVIEW (Page 1996 , http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).
Results
RNA and cDNA of M. scalaris dsx
A 189-bp cDNA fragment of M. scalaris dsx had been isolated previously (Sievert et al. 1997) . Using 3′ RACE on RNA of female flies with primers defined from this fragment yielded a cDNA of approximately 780 bp (Sievert et al. 1997 ). This was used as a probe to screen cDNA libraries from poly(A) + RNA of female and male M. scalaris. One clone of 2.7 kb (pMSWc178, Acc. No. AF283695) was isolated from a cDNA library of female flies and three clones of 2.4 kb (pMSWc184), 2.5 kb (pMSWc234), and 3.0 kb (pMSWc233, Acc. No. AF283696) from a cDNA library of male flies. The three cDNA clones from males were identical, except for the different extensions towards the 5′ end. All four clones contained the previously isolated 189-bp fragment of M. scalaris dsx.
Similarly to dsx in D. melanogaster and B. tryoni (Burtis and Baker 1989; Shearman and Frommer 1998) , M. scalaris dsx transcripts are different in females and males. Three segments can be distinguished in dsx cDNAs of M. scalaris (Fig. 1A) . The dsx cDNAs of female and male flies share a 5′ common segment, which in the longest cDNA has a length of 949 bp. They differ in a female-specific segment of 635 bp (position 899-1533 in pMSWc178) which follows the 5′ 
Fig. 2. RT-PCR on poly(A)
+ RNA from female and male flies (A) with primers DSXgb996 defined from the 3′ common segment and DSXK362R from the 3′ extension of pMSWc233 (B) with primers DSXK788F from the 5′ common segment and DSXf562R from the 3′ common segment of Megaselia scalaris dsx. + and -indicate presence or absence of reverse transcriptase in the reaction mix. common segment in the female-derived cDNA, but is absent in the three male-derived clones. The remaining 3′ common segment up to the polyadenylation site in the female-derived clone is present in all cDNAs. The three male-derived cDNAs are extended 904 bp downstream of that point, but this 3′ extension is neither part of the open reading frame (ORF) nor male specific.
RT-PCR with primers DSXgb996/DSXK362R (for primer positions, see Fig. 1A ) amplified a fragment of the 3′ extension in poly(A) + RNA from both female and male flies ( Fig. 2A; Fig. 1A , RT-PCR product). Presence or absence of the 3′ extension in the 3′ common segment appears to depend on the use of two alternative (but not sex-specific) polyadenylation sites: the first one with a polyadenylation signal 20 bp before the poly(A) stretch in pMSWc178, the second with a series of three polyadenylation signals at 25 bp, 29 bp, and 39 bp upstream of the poly(A) tail in pMSWc233. In spite of the multiple polyadenylation signal, poly(A) tails start at identical positions in the three male-derived cDNA clones.
We performed RT-PCR on poly(A) + RNA from females and males with primers DSXK788F/DSXf562R, which spanned the female-specific segment. It amplified fragments compatible with the expected sizes of 1363 bp from females and 728 bp from males (Fig. 2B) . This is evidence for the presence of the female-specific segment in female and its absence in male poly(A) + RNA. Northern hybridization with probe DSX5CS from the 5′ common segment detected one prominent transcript in poly(A) + RNA from each of the female and male flies (Fig. 3A) . The female-specific transcript, dsx f , was roughly 0.7 kb larger than the male-specific transcript, dsx m . The size difference corresponds to the size of the female-specific segment of 635 bp and confirms the presence of sex-specific dsx transcripts in females and males.
The dsx poly(A) + RNAs are approximately 1 kb larger than the cDNAs plus a putative poly(A) tail. Hence, although the cDNA clones contain the complete ORF (see below), they are incomplete at the 5′ untranslated region (UTR). Probably, the difference is accounted for by a long 5′ UTR, similar to that in D. melanogaster (Burtis and Baker 1989) .
Megaselia scalaris dsx is a single-copy gene
Probe DSX5CS from the 5′ common segment was hybridized to genomic DNA of female and male flies, digested with one of five different restriction enzymes that do not cut within the probe sequence (Fig. 3B) . The probe detected one fragment in each DNA sample. Therefore, M. scalaris dsx is most likely a single-copy gene, and the sex-specific transcripts dsx f and dsx m are alternative splice products.
The putative DSX proteins
The female-specific transcript contains an ORF that codes for a putative female-specific protein, DSX f , of 310 amino acids. It starts in the 5′ common segment (ATG at position 58 in pMSWc178) and ends in the female-specific segment (TGA at position 988 in pMSWc178). The male-specific transcript includes a longer ORF that codes for a putative male-specific protein, DSX m , of 573 amino acids. The ORF starts at the same site in the 5′ common segment (ATG at position 109 in pMSWc233) as in the female-specific transcript but ends in the 3′ common segment (TAG at position 1828 of pMSWc233).
Megaselia scalaris DSX f and DSX m proteins share an Nterminal part of 280 amino acids (common part, Fig. 1B ) but differ in a sex-specific C-terminal part, which is short in DSX f (30 amino acids) and long in DSX m (293 amino acids). The same pattern of sex-specific protein composition is found in DSX f and DSX m from D. melanogaster and B. tryoni (Burtis and Baker 1989; Shearman and Frommer 1998) .
A BLASTX search with pMSWc178 in the nr sequence database of NCBI returned the DSX entries from B. tryoni and D. melanogaster with highest scores. In a TBLASTN search in the dbEST database, two entries from cDNA libraries of Bombyx mori, submitted by K. Mita, M. Morimyo, T. Shimada, K. Okano, and S. Maeda (Chiba, Japan), showed highest similarity. Both were derived from female tissues. BLAST searches with the male-derived pMSWc233 sequence did not return further significant entries.
We selected the DSX 79% similarity; calculations are based on the shorter M. scalaris sequence). The protein alignment in Fig. 4A and 4B reveals high similarity among all four proteins at both ends, whereas the central region is barely conserved.
The N-terminal conserved region ranges from the Nterminus up to and including the zinc-finger-like DNAbinding and oligomerization domain (DBD/OD1) of D. melanogaster DSX (Erdman and Burtis 1993; An et al. 1996) . In DBD/OD1, six amino acids whose replacement by another residue has been shown to abolish DNA-binding activity of the DSX protein (Erdman and Burtis 1993) are conserved in the DSX homologues from M. scalaris, D. melanogaster, B. tryoni, and B. mori (Figs. 4A and 7, asterisks) .
There are two highly conserved segments in the Cterminal region. The first one, ranging from M. scalaris DSX amino acid positions 179 through 216 (Fig. 4A , arrowheads) is functionally undefined yet. It contains a prolineand serine-rich region, but conservation is not restricted to these amino acids. The second segment corresponds to the oligomerization domain 2 (OD2) of D. melanogaster DSX . It consists of a part that is common to DSX f and DSX m (Fig. 4A, OD2 , common part) and a femalespecific part (Fig. 4B, OD2 , &-specific part).
It is interesting to note that even the stop signal is conserved; the coding sequence of dsx f in all three fly species is terminated by TGATAA, the two stop codons opal and ochre in succession. There is no information on the stop signal in B. mori, as the dbEST sequence is truncated at the 3′ end.
In contrast to the female-specific part of DSX f , the malespecific part of DSX m shows rather low similarity with the corresponding parts of DSX in D. melanogaster and B. tryoni (Fig. 4C) . They contribute to the male-specific OD2 in D. melanogaster and B. tryoni but it is unclear how much if any part at all of the male-specific part of DSX m contributes to the OD2 domain in M. scalaris (Fig. 4C, OD2 ?, %-specific part).
A common property of the male-specific parts of the three DSX m homologues is the greater length compared with that of the female-specific parts of DSX f ; the latter ones consist of 30 amino acids while the male-specific part consists of 293 amino acids in M. scalaris, 152 amino acids in D. melanogaster, and 109 amino acids in B. tryoni. The conspicuous length in M. scalaris DSX m is accounted for by two copies of a direct repeat ( Fig. 1B; repeat 1 and repeat 2,  Fig. 5 ). The first copy spans 91 amino acids from position 383-473 of M. scalaris DSX m , the second one 87 amino acids, from position 474-560. The two copies are 50% identical and 65% similar at the amino acid level. The similarity is also apparent at the nucleotide level (63% identity).
Intron 3
The inclusion or exclusion of the female-specific exon in D. melanogaster dsx depends on the recognition of a weak 3′ splice site with a purine-rich polypyrimidine tract in the preceding intron (intron 3; for convenience, we use the same term for that intron in M. scalaris). To retrieve the intron 3 sequence of M. scalaris, we performed a nested PCR on genomic DNA with primers DSXK788F/DSXf562R in the first and with DSXK788F/DSXFbr in the second round. A 628-bp fragment of the genomic M. scalaris dsx sequence was amplified and cloned in pMSW2473 (Acc. No. AF283697). The fragment contains a short intron of 52 bp (position 100-151 in pMSW2473, Fig. 6 ).
The general structure of intron 3 in M. scalaris is similar to that in D. melanogaster, D. virilis (Burtis and Baker 1989) , and B. tryoni (Shearman and Frommer 1998) . The 5′ splice sequence is compatible with the 5′ splice sequences of D. melanogaster, compiled by Mount et al. (1992) . The 3′ splice site, however, appears to be a suboptimal splice acceptor, as only 6 of 12 positions in the polypyrimidine stretch are pyrimidines in M. scalaris (Fig. 6) . Similarly, in D. melanogaster 6 of 12, in D. virilis 7 of 12, and in B. tryoni 5 of 12 positions are pyrimidines (Burtis and Baker 1989; Shearman and Frommer 1998) .
Regulatory elements in the female-specific exon
In D. melanogaster dsx, female-specific splicing at the weak 3′ splice site of intron 3 is activated by a cis-acting splicing enhancer (dsxRE) and sex-specific trans-acting factors (for review, Lopez 1998). The dsxRE is located within the untranslated part of the female-specific exon and consists of "13-nt repeat elements" (Burtis and Baker 1989; Inoue et al. 1992 ) and a "purine-rich element" (Lynch and Maniatis 1995) . In an alignment of the respective dsx segments from M. scalaris and D. melanogaster, we found little nucleotide sequence conservation (data not shown). Nevertheless, M. scalaris dsx contains six elements displaying a 10-13 nucleotide (nt) identity with the 13-nt repeat elements (Table 1). Their distance of 247-602 bp downstream from the alternative splice site, is similar to that in D. melanogaster (295-566 bp, Burtis and Baker 1989 ), D. virilis (332-458 bp, Hertel et al. 1996 ), and B. tryoni (373-525 bp, Shearman and Frommer 1998 .
We found a purine-rich sequence in the female-specific segment of M. scalaris dsx f 412 bp downstream of the alternative splice site. It consists of 20 nts, 18 of which are purines (position 1310-1329 in pMSWc178). Purine-rich sequences were found at similar positions in D. melanogaster (Lynch and Maniatis 1995) , D. virilis (Hertel et al. 1996) , and B. tryoni (Shearman and Frommer 1998) . We did not find the direct repeat identified in the purine-rich element of D. melanogaster, but this repeat is not conserved in B. tryoni or in D. virilis.
Molecular phylogeny of the DBD/OD1 domain
A TBLASTN search in the nr database with the zinc-fingerlike DNA-binding domain (DBD/OD1) of M. scalaris DSX returned a series of protein entries with a similar domain. For a phylogenetic comparison with M. scalaris DSX, we selected the 14 entries with highest scores, discarding redundancies and sequences with incomplete domains, plus B. mori DSX, which had been found in a different database (see above). The amino acid sequence alignment in Fig. 7A shows the DNA-binding domain to be well conserved among these proteins. The dendrogram in Fig. 7B Fig. 8 , Sievert et al. 1997; Sievert et al. 2000) . The next step in the sex-determining cascade of Drosophila, transformer (tra), has not yet been isolated in M. scalaris, but the presence of binding sites for the splice-activating TRA2/RBP1/TRA complex hints at its presence. The next step in the cascade, dsx, is conserved in M. scalaris. All but one of the structural details considered essential for its proper function as a transmitter of the sex-determining signal are conserved. The one exception is the male-specific component of OD2.
It is obvious that, while primary and secondary sexdetermining steps are not conserved, subsequent steps are conserved among flies even when they belong to such distantly related groups as Schizophora (Drosophila, Bactrocera) and Aschiza (Megaselia). The conservation of functional domains in dsx of the silk moth, Bombyx mori, indicates that this step in the sex-determining pathway is conserved in an even wider range of different insect orders.
It is not clear yet how much of this pathway is conserved in animal groups other than insects. There are intriguing observations from nematodes and vertebrates. Drosophila dsx m rescues mab-3 mutants in the nematode C. elegans (Raymond et al. 1998 ). The vertebrate gene Dmrt1/DMRT1 is expressed in the genital ridge of embryos and in testes of adults and probably plays a role in sexual development of vertebrates (Raymond et al. 1998; Raymond et al. 1999; Smith et al. 1999; De Grandi et al. 2000; Guan et al. 2000) . Both, DMRT1 and MAB-3, are proteins containing the same type of zinc-finger-like DNA-binding domain as DSX. However, DMRT1 as well as MAB-3 lack the OD2 domain that is characteristic for DSX, and there are other genes in C. elegans with higher similarity to DSX (see Fig. 7B ). It is obvious that this type of DNA-binding protein plays a wide role in the regulation of sexual development. However, it is not clear whether they play a key part in sex determination, as in the role of dsx in insects.
